Objectives: Thrombin induces endothelial barrier failure by activating the contractile machinery of endothelial cells. Contractile activation is due to an increase in myosin light chain (MLC) phosphorylation. Here, it was investigated whether stimulation of endothelial cells with ATP can interrupt this thrombin-induced pathomechanism. Methods: In cultured human umbilical vein endothelial cells, 21 cytosolic calcium [Ca ] (Fura 2 method), phosphorylation of MLC, isometric tension and permeability for albumin were studied. Rho-dependent effects of thrombin on MLC phosphorylation most likely by a Ca -and Rho-independent activation of MLC phosphatase. It thereby functionally antagonizes the thrombin-induced increase in monolayer tension and permeability. Gunduz et al. / Cardiovascular Research 59 (2003) [470][471][472][473][474][475][476][477][478] The regulatory subunit of MLC phosphatase can be period of 10 min. Agents were added as indicated. Stock phosphorylated and thereby inactivated by Rho-kinase solution of ATP was prepared immediately before use with which is itself a downstream target of the GTPase Rho [9] . basal medium. Stock solutions of xestospongin C were Previous work indicated that the Rho / Rho-kinase pathway prepared with dimethyl sulfoxide (DMSO). Appropriate contributes to cell contraction under thrombin stimulation volumes of these solutions were added to the cells yielding 21 and that this is a Ca -independent signaling [10, 11] . final solvent concentrations #0.1% (v / v). Same final Among Rho isoforms RhoA is of predominant importance concentrations of DMSO were also included in all respecin endothelial cells [12] . The dual effect of thrombin on tive control experiments. Stock solutions of all other MLC kinase (activation) and MLC phosphatase (inactivasubstances were prepared in basal medium (composition as tion) causes a strong activation of the contractile machindescribed above). Appropriate volumes of these solutions ery, which leads to a loss of endothelial barrier function.
. Introduction
endothelial cells resulting in the opening of intercellular gaps which allow the passage of plasma components [1] . It 21 Thrombin represents a central vascular mediator in has been demonstrated that thrombin mobilizes Ca from 21 inflammation and hemostasis. By stimulation of specific intracellular stores and thus increases intracellular Ca 21 receptors, it activates the vascular endothelium. The endoconcentration [2] [3] [4] . This leads to activation of Ca / thelial lining of blood vessels forms a permeability barrier calmodulin-dependent MLC kinase. Phosphorylation inbetween plasma and interstitial space. In presence of duces a conformational change in MLC that enables actin- 21 thrombin, the endothelial barrier becomes permeable to myosin interaction and activation of the Mg -ATPase water, solutes and macromolecules. The loss of endothelial activity of myosin [5] . Besides MLC kinases, MLC barrier function, induced by presence of thrombin, can associated phosphatase plays also a major role in the locally cause tissue edema; systemically it can contribute control of the phosphorylation state of MLC in endothelial to a general capillary leakage syndrome. In endothelial cells. Endothelial cells contain 3 phosphatase isoforms of cells, thrombin activates the contractile machinery of interest, i.e. PP1, PP2A, PP2B. Work by others has shown [6, 7] that PP1 but not PP2A regulate acute endothelial contractile responses. PP2B may be induced under proq Review process conducted by the previous Editorial Team.
longed thrombin exposure [8] . Gunduz et al. / Cardiovascular Research 59 (2003) [470] [471] [472] [473] [474] [475] [476] [477] [478] The regulatory subunit of MLC phosphatase can be period of 10 min. Agents were added as indicated. Stock phosphorylated and thereby inactivated by Rho-kinase solution of ATP was prepared immediately before use with which is itself a downstream target of the GTPase Rho [9] . basal medium. Stock solutions of xestospongin C were Previous work indicated that the Rho / Rho-kinase pathway prepared with dimethyl sulfoxide (DMSO). Appropriate contributes to cell contraction under thrombin stimulation volumes of these solutions were added to the cells yielding 21 and that this is a Ca -independent signaling [10, 11] . final solvent concentrations #0.1% (v / v). Same final Among Rho isoforms RhoA is of predominant importance concentrations of DMSO were also included in all respecin endothelial cells [12] . The dual effect of thrombin on tive control experiments. Stock solutions of all other MLC kinase (activation) and MLC phosphatase (inactivasubstances were prepared in basal medium (composition as tion) causes a strong activation of the contractile machindescribed above). Appropriate volumes of these solutions ery, which leads to a loss of endothelial barrier function.
were added to the cells. Identical additions of basal Effective means to antagonize thrombin-induced endomedium were included in all respective control experithelial hyperpermeability have not yet been identified. We ments. showed recently that exogenously applied ATP can stabilize the endothelial barrier [13] . As causal mechanism we 2 .3. Macromolecule permeability identified a strong net dephosphorylation of MLC [14] . This activation of MLC phosphatase dominates over
The permeability of trypan blue-labeled albumin across another ATP signaling effect which consists in the activaendothelial monolayers was studied in a two-compartment tion of MLC kinase elicited by a transient rise in cytosolic system separated by a filter membrane as previously 21 Ca . This observation lead to the present study in which described [13, 16, 17] with one modification, i.e. the change the question was addressed if ATP can antagonize the of the abluminal compartment from 13 to 9.6 ml. Trypan permeability increasing effect of thrombin. As our exblue-labeled albumin (60 mM) was added to the luminal perimental model we used confluent monolayers of human compartment. The appearance of labeled albumin in the umbilical vein endothelial cells.
abluminal compartment was continuously monitored photometrically. 21 21 21 [Ca ] was determined using the fluorescent Ca i 2 .1. Cell cultures indicator, Fura 2 [18] , as previously described [14] .
.4. Free cytosolic Ca concentration . Methods
Human endothelial cells were isolated from umbilical 2 .5. Preparation of collagen lattices and force cords and cultured according to van Hinsbergh et al. [15] . measurement Confluent cultures of primary endothelial cells were trypsinized in phosphate-buffered saline [PBS, composed Collagen lattices were prepared for force measurement of (mM) 137 NaCl, 2.7 KCl, 1.5 KH PO , and 8.0 2 4 as described [19] [20] [21] with minor modifications. Briefly, Na HPO , at pH 7.4, supplemented with 0.05% (w / v) 2 2 4 endothelial cells were seeded at 300 000 cells / cm on the trypsin, and 0.02% (w / v) EDTA] and seeded at a density collagen lattices and grown to confluence within 2 days. 4 2 of 7310 cells / cm on either 24-mm round polycarbonate Then, the lattices were connected to a force transducer filters (pore size 0.4 mm), 25-mm round glass coverslips, (KG 7A with bridge-amplifier DUBAM 7C; Scientific 30-mm, or 100-mm culture dishes for determination of Instruments, Heidelberg, Germany) [19] . The whole setup 21 albumin permeability, [Ca ] , MLC phosphorylation, Rho i was moved to an incubator (37 8C). activity assay, and protein phosphatase translocation assay, respectively. Experiments were performed with confluent 2 .6. Determination of MLC phosphorylation endothelial monolayers of passage 1 or 2, 4 days after seeding.
The MLC phosphorylation was determined by glycerolpolyacrylamide gel electrophoresis and Western blot analy-2 .2. Experimental protocols sis using an anti-MLC antibody as previously described [14] . N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid; pH RhoA activation was determined by binding of RhoA in 7.4, 37 8C) supplemented with 5% (v / v) heat-inactivated its active form to rhotekin as previously described [22, 23] . newborn calf serum (10 min, 60 8C). Basal MLC phosBriefly, confluent endothelial monolayers were stimulated phorylation was determined after an initial equilibration as indicated in the text. Cells were lysed (composition of the lysis medium: 1% (v / v) Triton X-100, 0.5% (v / v) lands); pefabloc was from Merck (Darmstadt, Germany), desoxycholate, 0.1% (v / v) SDS, 500 mM NaCl, 10 mM polyvinylidene difluoride (PVDF) was from Millipore MgCl, 100 mM Tris-HCl, pH 7.4) and lysates were (Eschborn, Germany); dithiothreitol, phenylmethylsulfonyl cleared by centrifugation (14 0003g, 10 min, 4 8C). A fluoride (PMSF), anti-phosphatase 1 and phosphatase 2 small portion of the supernatant ('total lysate') was taken antibodies were from Santa Cruz (Heidelberg, Germany), to determine the amount of total RhoA. Then, the superand thioglycolate were from Sigma (Deisenhofen, Gernatants were incubated with the Rho binding domain of many). All other chemicals were of the best available rhotekin immobilized on glutathione-coupled sepharose quality, usually analytical grade. beads for 45 min at 4 8C. The beads were washed twice by centrifugation at 14 0003g at 4 8C for 30 s in wash 2 .10. Statistical analysis medium (composition of the wash medium: 1% (v / v) Triton X-100, 150 mM NaCl, 10 mM MgCl, 100 mM Data are given as means6S.D. of n experiments using Tris-HCl pH 7.4), the pellet containing the beads with independent cell preparations. The comparison of means active RhoA was eluted in Laemmli sample buffer and between groups was performed by one-way analysis of analyzed by western blots using an anti-RhoA antibody variance (ANOVA) followed by a Bonferoni post-hoc test. ('pull-down').
Changes of parameters within the same group were assessed by multiple ANOVA analysis. Probability (P) 2 .8. Detection of protein phosphatases in the myosinvalues of less than 0.05 were considered significant.
enriched and depleted cell fraction
The content of protein phosphatases 1 and 2A (PP1 and 3 . Results 2A) in the myosin-enriched cell fraction were determined as previously described [6] . Briefly, confluent endothelial 3 .1. Antagonism of ATP and thrombin monolayers on 10-cm dishes were stimulated as indicated in the text. Afterwards, the monolayers were rinsed twice Under control conditions endothelial monolayers exwith PBS to remove the incubation medium, 200 ml of hibited a stable permeability for albumin (Fig. 1) . When homogenisation buffer (0.1 mM EDTA, 28 mM mercap-ATP (10 mM) was added, permeability rapidly declined. toethanol, 1 mg / ml pefabloc; Tris-HCl, pH 7.4) was Conversely, permeability rapidly rose when thrombin (0.2 added, and dishes were cooled immediately to 280 8C. U / ml) was applied. When both agents were applied Afterwards the cells were scraped and homogenized. Homogenates were incubated with a high salt buffer (0.6 M NaCl, 0.1% (v / v) Tween 20, 1 mg / ml pefabloc) for 1 h at 4 8C and was centrifuged at 45003g for 30 min at 4 8C. Supernatants were diluted 10-fold with assay buffer (0.1 mM EDTA, 28 mM mercaptoethanol, Tris-HCl, pH 7.0) and centrifuged again at 82003g for 40 min at 4 8C. The pellet, the myosin-enriched fraction, and the supernatant, the myosin-depleted fraction were eluted in Laemmli sample buffer and analysed by western blot using antibodies against the catalytic subunits of PP1 and PP2A. In accordance with previous reports [6] the myosin-enriched fractions only contained PP1 but not PP2A.
.9. Materials
Falcon plastic tissue culture dishes were from Becton Dickinson (Heidelberg, Germany); ATP, from Boehringer (Mannheim, Germany); xestospongin C from Calbiochem (Bad Soden, Germany); human thrombin from Aventis Behring (Marburg, Germany), and Y-27632 from Biotrend (Koln, Germany). Transwellீ polycarbonate filter inserts simultaneously, the thrombin effect was attenuated to about one third of that seen without ATP. The dose of 0.2 U / ml was chosen for thrombin as this concentration provided a marked effect on permeability. Fig. 2 shows that the antagonistic effect of ATP is dose-dependent.
Measurement of isometric force produced by endothelial monolayers revealed a similar pattern of changes as seen for monolayer permeability. ATP caused a decline of force, thrombin a rise, and simultaneous additions of ATP and thrombin greatly attenuated the response to thrombin (Fig. 3) .
Since MLC phosphorylation controls activation of the endothelial contractile machinery we analyzed changes in this biochemical parameter in the described experiments (Fig. 4) . We found that ATP causes a dephosphorylation of MLC, thrombin an increase in phosphorylation, and a combination of ATP and thrombin cause a degree of phosphorylation slightly below the control level. Fig. 5 shows that the antagonistic effect of ATP is dose-dependent. mobilize Ca from the same store, and that the functional antagonism on permeability and force is not due to 21 21 interaction at this Ca release mechanism. We used of Xe, indicating that both induce a rapid Ca release xestospongin C (Xe, 3 mM), a selective inhibitor of the IP from the endoplasmic reticulum. 3 sensitive release channel of endoplasmic reticulum, to 21 identify the source of the Ca rise. Both, the responses to 3 .2. Main routes to MLC phosphorylation ATP and thrombin were greatly attenuated in the presence In control cultures, MLC phosphorylation amounted 72% (Fig. 7) . Note that the maximum percentage is 200%, as MLC can become mono-or diphosphorylated. Then, 10 min after addition of ATP, MLC phosphorylation was reduced to half its control value, and the reduction was unaffected by the presence of Xe, demonstrating that it is 21 not dependent on the ATP-induced rise in cytosolic Ca . This is in agreement with our previous results [14] . Presence of the Rho-kinase inhibitor, Y-27632 (10 mM), reduced the basal MLC-phosphorylation from 71 to 27%, indicating that the basal steady state phosphorylation is already controlled by a Rho-dependent pathway. The concentration of 10 mM Y-27632 was chosen since dosefinding experiments showed that this provided the maximal effect for basal MLC phosphorylation (data not shown). Addition of ATP to Y-27632-treated cultures reduced MLC phosphorylation to about one third of the last level. Identical experiments were also performed with a chemically different Rho-kinase inhibitor, HA 1077 (10 mM). The results were the same as with Y-27632 (not shown).
To analyse whether ATP interferes with RhoA activation we applied a pull-down assay based on the binding of Thrombin increased MLC phosphorylation within 5 min after addition to 168% (Figs. 4 and 9) . The rise in MLC phosphorylation was partially attenuated in presence of Xe 21 likely due to failure to activate the Ca / calmodulindependent myosin light chain kinase. When both inhibitors were exposed to xestospongin C (Xe, 3 mM), an inhibitor of endogenous 8) . These experiments show that the thrombin effect on 21 21 Ca release, for 30 min before addition of other agents. [Ca ] in ing of phosphatases. We, therefore, analysed the binding of thrombin and ATP stimulation on the contractile response Ca -dependent mechanism, yet its effect on net MLC of endothelial cells. The major findings are that (i) dephosphorylation prevails. MLC represent the regulatory thrombin causes activation and ATP causes inactivation of units of the endothelial contractile apparatus. Their phosendothelial contractile elements, (ii) the contractile activaphorylation has been suggested to initiate force develoption obtained by thrombin stimulation can be effectively ment in endothelial cells [2, 21, 24] , in analogy to the antagonized by ATP stimulation, (iii) the thrombin /ATP contractile machinery in smooth muscle cells. In the antagonism is largely due to antagonistic effects on MLC present study, direct measurements of mechanical tension phosphorylation, (iv) thrombin causes a rise in MLC developed within endothelial monolayers were performed. 21 phosphorylation by two mechanisms, a Ca -dependent We could show for the first time that ATP causes a and a Rho-dependent one, while ATP causes MLC demechanical relaxation in endothelial monolayers. Reduc- 21 phosphorylation by a Ca -independent and by a Rhotion of force induced by ATP was found closely related in independent mechanism, as well.
time and magnitude to the changes in MLC phosphorylaWe showed in previous studies that the purine receptor tion. In the case of thrombin, the transient increase in in MLC phosphorylation as being due to phosphatase activation, by a pharmacological approach in intact cells. In order to act on MLC, phosphatases must form a complex with myosin, through a myosin binding subunit (MBS). In the present study we analyzed, therefore, binding of protein phosphatases to myosin. We found that phosphatase 1 (PP1) but not 2A binds to myosin in presence of ATP. Thrombin alone reduces basal PP1 binding. Co-presence of ATP plus thrombin exhibited again an increased PP1 binding. These findings indicate directly PP1 activation at the site of myosin in presence of ATP. The negative result on PP2A are in accordance with other studies, which could not show a role of PP2A in regulation of the endothelial contractile machinery [6] . The inducible form of protein phosphatase (PP2B) is not involved in the early response to thrombin [8, 25] . After induction PP2B exerts a delayed influence, which was not here analyzed. The RhoA / Rho-kinase pathway represents a modulator of endothelial phosphatase activity. Thrombin is known to activate this pathway in endothelial cells, confirmed in the phosphatase holoenzyme complex and that this inhibits MLC phosphorylation activity. Rho-kinase may also diisometric force goes along with an increase in MLC rectly phosphorylate MLC and, thereby, change the state of phosphorylation as well.
MLC phosphorylation [26] . When ATP is co-present with thrombin, thrombin
In this study, we showed that Y-27632, an inhibitor of effects on force and MLC phosphorylation are greatly Rho-kinase, reduces MLC phosphorylation in endothelial reduced. There is, however, no absolute match between cells under basal conditions. This indicates a basal activity both parameters, i.e. MLC phosphorylation is reduced of the Rho-pathway. This observation led to the question, more than force. This difference may be due to factors whether the MLC dephosphorylation observed in presence other than MLC activation contributing to development of of ATP was due to an inhibition of the basal Rho-pathway mechanical tension in presence of thrombin, i.e. a reorganiactivity. This conjecture was falsified by two lines of zation of the actin cytoskeleton [10] .
evidence: (i) ATP did not decrease RhoA activation, In a previous study [14] , we characterized the reduction whether basal or stimulated, and (ii) two chemically distinct Rho-kinase inhibitors did not block the ability of ATP to reduce MLC phosphorylation.
Other studies have already shown [1, 10, 12] , consistent with our findings, that thrombin activates the contractile 21 machinery by more than one signaling mechanism, a Cadependent activation of MLC kinase and a Rho-kinasedependent inhibition of MLC phosphatase [10, 12] . ATP can antagonize this dual effect of thrombin towards contractile activation even though it shares with thrombin 21 the Ca -dependent part of the signalling. The antagonistic 21 effect is obviously due to a marked Ca -independent activation of MLC phosphatase which is not impaired by the inhibitory Rho-dependent pathway. Identification of the 
